Formalin fixed hearts of a blue whale, an Indian elephant, a hippopotamus, a sea lion, a white rat, a mouse, a normal 15-year-old girl, an infant with endocardial fibroelastosis, and three human subjects with myocardial hypertrophy were studied. The quality of fixation and preservation varied from fair to very good. Several sections were made from the lateral part of the left ventricular wall, one-third the distance from the base to the apex, though not all specimens were always from this exact locus. Sections of the left atrium were taken from the lateral wall, half-way between the apex of the left auricle and the left ventricle when possible. The aortas were studied just distal to the aortic ring.
• The suggestion that endocardial fibroelastosis represents an adaptation of the heart to a marked increase of mural tension, 1 and the association of this alteration in some infants with a demonstrable hyperplasia of the myocardial fibers, 2 led us to investigate the structure of the endocardium and myocardial fiber size in normal hearts of large mammals.
were counted. These counts were considered valid only when the fibers were separated by a minimal space and the myocardial nuclei distinctly visible. An obvious error is the counting of a few fibroblasts, endothelial nuclei, and occasional Anitschow myocytes. Sections of myocardial fibers with marked separation or with poorly stained nuclei were suitable only for direct measurement of individual fibers.
The thicknesses of the endocardial elastic layer of the atria and ventricles and of the media of the aortas were measured directly with a ruler if more than 1 mm, and with an ocular micrometer on a compound microscope if less than 1 mm thick. These results, obtained from the stained sections, were multiplied by 1.7 to compensate for shrinkage in preparing sections from formalin fixed hearts. This factor of 1.7 was calculated after measuring formalin fixed specimens before and after preparing hematoxylin and eosin stained preparations. A 402 shrinkage was found. Thus, these "corrected" values should represent the dimensions of the formalin fixed hearts before embedding. All of the hearts were handled in the same general way so that the results are consistent and comparable to each other.
If one assumes the fibers and their nuclei to be circular in cross section and the nuclei in the center of the fibers, then the maximum error resulting from measuring the fibers off-center can be calculated ( fig. 1 ). This error is 6% if the cross-sectional nucleus-fiber ratio is 1:3, and 13% if the ratio is 1:2. In cross sections the fibers and nuclei appear round with the nuclei near the center most of the time. The ratio of 1:3 holds in normal adult and the ratio 1:2 in hypertrophied human hearts. It is interesting that in early infancy the ratio is amost 1:1." Thus, in infants the diameter of the nucleus relative to that of the fiber is large, then diminishes as adulthood is approached, and then enlarges only with hypertrophy.
Results
The myocardial fiber sizes and nuclear density values are listed in table 1. The fibers are of the same order of magnitude in spite of a millionfold range of heart weights. Thus dif- Method of calculating the error of using the nucleus to measure the width of myocardial fibers. ferent species have different numbers of fibers in their hearts. The numbers of fibers in these hearts were estimated by the following equation:
Number of myocardial fibers = number of nuclei , r , i r n a x volume of heart volume or held The volume of the field (a cylinder 75/x in radius and 6/A thick) was 1.06 • 10~7 cm 3 . The volume of each heart was calculated 4 from its weight, assuming a density of 1.0 g/ cm 8 .
The larger mammals have greater numbers of fibers in their hearts than do smaller mammals when compared as shown in the last column of table 1. The number of fibers 1.4 • 10 10 in the normal human heart of 180 g, agrees well with the number of fibers 1.8 • 10 10 in the hypertrophied human heart of 860 g. It is interesting to note the number of fibers in the human heart with infantile endocardial fibroelastosis, 5 • 10 10 . These figures have the same order of magnitude as Linzbach's figure for the normal human heart of 8 • 10 10 fibers, 5 which was arrived at quite independently. The present calculation of the number of fibers takes into account neither the volume of blood vessels, subepicardial fat, connective tissue, valves, nor the variation of fiber size throughout the heart.
The chambers of the ventricles of the whale, elephant, hippopotamus, and sea lion are large compared to the thickness of their myocardia, and their ventricular endocardia are thick. These proportions in the ventricles of the whale are shown in figure 2 . The thicknesses of the elastic endocardia and myocardia of the left atria and ventricles of these mammals, along with those of a normal adult human heart and of an infant human heart with endocardial fibroelastosis are presented in table 2. Ordinarily, there is no elastica in the ventricles of the human heart except for a few fibers in the superior portion of the left surface of the interventricular septum. The thickness of the elastic tissue in the ventricular endocardium of the large mammals, with the exception of the whale, was of the same order of magnitude as that of infants with endocardial fibroelastosis (figs. 3, 4) . It is well known that the atrial endocardium of human adults contains elastic tissue." The endocardium of the whale's left atrium was very thick, 8 mm. Table 3 shows the radii and the thicknesses of the media of aortas near the aortic ring of various species. In figure 3 , the wall thickness t has been plotted against the lumen radius R of the aorta for the various species from the data in table 3. The line in the graph, calculated by the method of least squares, has the equation:
(1) Histologically, the myocardium and endocardium of the larger mammals, i.e., the whale, elephant, and hippopotamus hearts, appeared similar to those of human hearts except for numerous fibrous tissue septa in the myocardium and prominent endocardial fibroelastosis ( fig. 4 ). Also, the aortas appeared similar, the medias being composed of elastic lamina whose average width for the Circulation Raetrcb, Vol. XVI, April 1965 *i and y = mean, ox and ay = estimated standard deviations of the corresponding means. I The number of fibers for these three animals was calculated by associating myocardial fiber size with nuclear density and calculating their nuclear densities based on their fiber size.
}This blue whale was estimated by the whalers to weigh 72 tons (6.5 • 10 4 kg). §This number was calculated from data by Black-Schaffer.2 various large mammals was three to four times that of man.
Discussion
In contrast to small mammals, large mammals, such as the whale, elephant, hippopotamus and sea lion, normally have voluminous heart chambers relative to the wall thickness, elastic endocardia, and increased numbers of heart fibers. The slow cardiac rates 7 " 0 characteristic of these hearts require very large stroke volumes. These chambers impose certain mechanical requirements upon their walls.
Passive tension, developed in the ventricular wall by diastolic filling, is directly related to the volume and pressure. Mathematically, this can be stated:
T =
(2)* Here T, the mural tension per unit length, is tangent to the surface and is assumed to have the same value in all directions at a given point on the surface. This tension can be assumed to be independent of direction if the elasticity is uniform. Ri and R 2 are the radii of curvature of any two perpendicular sections of the surface at right angles to each other. *This is an equation of capillarity, suggested by Young 10 and proven by Laplace.* 1 -12 T is the surface tension in capillarity theory. A derivation can be found in any treatise on hydrostatics, e.g., Greenhill. 18 Woods 14 was the first to apply this equation to the heart. P is the trans mural hydrostatic pressure of the ventricles in diastole.
The passive, mural tension, tending to stretch the chamber walls, is resisted by an elastic force per unit length from the walls. This elastic force is proportional to the thickness and to Young's modulus of elasticity for the same per cent increase in circumference. Relating this to the previous equation,
t is the mural thickness, M is Young's elastic modulus, K is a constant, and T, P, ^ and R-2 are as before. Equation 3 contains the assumption that t is small relative to Rx and R-j. M is constant for a given substance at a given tension. If the volume (or radii) increases or if the transmural filling pressure increases, the resistance to stretch must increase to prevent continued dilatation. This may be accomplished by increasing the mural thickness or the modulus of elasticity. Both mechanisms are found in the large mammals studied. They have thick myocardial walls and an endocardial fibroelastic membrane (table 2) . Elastic tissue has a much higher modulus of elasticity than cardiac muscle. Lundin 1B reported the resting, longitudinal modulus of elasticity of a homogeneous ventricular muscle bundle from a frog's heart to be 0.1 • 10" Linear relation of the wall thickness to the lumen radius of the aortas of six mammalian species. The line was fitted by the method of least squares. The restdting line has the equation, t = 0.59R -0.33. Relurcb, Vol. XVI, April 196) dynes/cm-. To our knowledge, no specific data of the modulus of the fibroelastic endocardium have been published, but it can be compared to structures with similar histologic components and known moduli of elasticity. Assuming that the important component is elastic tissue, the modulus of elasticity of the ligamentum nuchae may be considered. In cattle this structure consists almost entirely of elastic fibers. Krafka 16 found its modulus to be 7.6 • 10 s , about seventy times the value for cardiac muscle. This ratio, while only approximate, serves to show the advantage of an elastic endocardium. Endocardial fibroelastosis probably prevents only excessive dilatation in diastole and does not have the function of creating "active tension." These elastic fibers probably form in the endocardium as a reaction to the increased mural tension, 1 developed by the heart of large mammals in normal growth.
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The normal elastic tissue of the human left atrial endocardium can be explained similarly. This atrium, having large radii, thin walls, and passive blood pressures like those of the left ventricle, withstands a rather high mural tension by the development of an elastic layer.
Because of distortion of these hearts, due to fixing and storage, reasonably accurate radii of curvature were unobtainable. The aortas however, lend themselves to this purpose. As a means of providing some indication of the relevance of equation 3 in comparing different species, the following example applied to the aorta is given. The pressure and modulus of elasticity are assumed to be constant. For these large blood vessels equation 3 simplifies to 388 BLACK-SCHAFFER, GRINSTEAD, BRAUNSTEIN
FIGURE 4a
Low power photomicrograph of a blue whale's endocardium, composed of layers of elastic fibers (black stain) and collagen (pale stain). Weigert elastic tissue stain. X 400.
(4)
Here R is the lumen radius. Equation 4 would predict a linear relationship between t and R if P and M are constant. In figure 3 , the lumen radius is plotted against the thickness of the proximal aortas of species of different sizes. Since the plotted points fit fairly well to a line, t = 0.59 R -0.33, some validity may be claimed for this relationship. The slight deviations may represent errors in measuring the distorted fixed tissue, actual differences of blood pressure or of resistance to stretch between different species, or too thick a wall relative to the lumen radius. The pressures and elastic moduli are not known in these large mammals.
The external work done by the ventricles in systole can be divided functionally into active contraction of the myocardium and elastic return energy from diastolic stretching of the ventricular walls. In diastole, potential energy
FIGURE 4b
The endocardium of an Indian elephant showing marked elastosis. Weigert elastic tissue stain. X 100.
develops in the wall owing to stretching from passive filling. During systole this potential energy is transformed into kinetic energy, the elastic return energy, as the chamber contracts and releases the mural stretch. In a normal human heart probably only myocardial contraction contributes to the work of the heart. If part or all of the elastic return energy is provided by a fibroelastic membrane, as in these large mammalian hearts, the same total cardiac work could be done with less muscle volume. Hence, the mural thickness would be small with respect to the size of the chamber.
It is conceivable that these large hearts develop their left systolic pressure in two pumping stages, atrial contraction and ventricular contraction. A well developed left atrium could produce a rather high ventricular end diastolic pressure, e.g., 20 to 30 mm Hg, which could be maintained passively by a fibroelastic endocardium without strain on the myocardium. The left ventricle can then bring the pressure to systolic levels, ca. 120 mm Hg with less work than if the diastolic pressure were lower. Not much is known about the hemodynamics of these large hearts, but anatomically the atrial musculature is well developed. Nadas 17 reported a case of human fibroelastosis, studied with left ventricular catheterization, and found that the end dias-Circulalion Research, Vol. XVI, April 1965 tolic pressure was 20 mm Hg. Many would say this is a sign of failure, but it may be an expression of a two-step pump.
The large variation of the estimated number of myocardial fibers in different mammalian species is illustrated by the rat, 9 • 10 7 , and the blue whale, 2 • 10 18 (table 3) . This stands in contrast to the uniformity of myocardial fiber diameter: the rat, 15/i, and the blue whale, 17ft (table 3). The range of diameters of all the animals, 13 to 17ft,* may reflect an optimum relationship between cell volume and diffusion rates. In pathologic states the diameter of the human hypertrophic heart fibers (21 to 27fj.) may exceed the proposed optimum. This, in turn, may impose an abnormal metabolic burden upon the fibers, by virtue of the increased diffusion distance.
In contrast to hypertrophy it has been suggested 2 that myocardial hyperplasia, found in some infants with endocardial fibroelastosis, may be the initiating cause of failure leading to ventricular dilatation and eventually to endocardial alteration. The large volumetric reduction of actomyosin, in the relatively small hyperplastic fiber, calculated at 50% of the normal fiber, may represent a sufficient divergence from the optimum to impair function, without a metabolic component. Thus, through an abnormality of structure, myocardial fiber hyperplasia, some infant hearts develop an endocardium similar to that normally provided to the largest mammals. In both, the endocardial fibroelastosis serves to contain the disruptive force exerted by a large diastolic blood volume, with conservation of myocardial mass.
Summary
Normal hearts of a mouse, rat, man, sea lion, hippopotamus, elephant, and blue whale were shown to have different numbers of myocardial fibers, 10 7 to 10 18 , based on calculations involving their myocardial fiber diameters and nuclear density counts. These two parameters did not vary greatly in the *The sea lion data, in table 3, are omitted, since the degree of maturity of this animal is not known. different species. However, their heart weights ranged from 10" 1 to 10° g. The larger mammals have endocardial fibroelastosis of their hearts and very thick aortas. These anatomic findings were explained by employing principles of hydrostatics and proposing that elastic tissue is required to help withstand the high mural tension resulting from the long radii and the hydrostatic pressures in the heart chambers and aortic lumen.
